indispensable in operating rooms. We distinguish between rigid, flexible and newly developed capsule endoscopes. Illumination has always been a great challenge for every type of endoscope. In capsule endoscopes, illumination is realized by integrating light emitting diodes (LEDs) that directly illuminate the FOV [1] . Integrating LEDs in rigid and flexible endoscopes causes issues regarding heating and space utilization and is not state of the art yet [2] . Thus, rigid and flexible endoscopes still rely on an illumination optics that guides light from and external light source via a fiberoptic cable to the FOV. Figure 1 illustrates the optics integrated in a rigid endoscope. An external light source is connected to the endoscope via a fiberoptic cable. From there, the illumination optics guides light to the FOV while the imaging optics captures reflected light and guides it to the proximal end of the endoscope. There, image information is further processed and visualized on a monitor. The illumination optics of a rigid endoscope typically consists of two components: a small cone-shaped optics and a fiberbundle. Light is coupled under ALD α in the coupling cone and is transferred via a fiberbundle to the distal end of the endoscope where it is coupled out under ALD β (see Figure 1 ).
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Methods
Our optimization approach is based on a photometric and colorimetric analysis as well as on a 3D-optomechanical simulation model developed with LightTools. The results obtained from this analysis are implemented in our simulation model and further considered in the optimization procedure.
Abstract: Our work focuses on enhancing the illumination optics of a rigid medical endoscope using optomechanical simulation. We aim on improving the efficiency of the illumination optics to provide more light in the surgeon's field of view (FOV) and therefore better image quality. We conducted an extensive market analysis and measured several rigid endoscopes and their external light sources in the lighting technology laboratory. Surprisingly, all endoscopes showed a degree of efficiency below 20 %. Our optimization approach is based first on a photometric and colorimetric analysis carried out with an integrating sphere and a goniophotometer. Secondly, the results obtained are implemented in a 3D-optomechanical simulation model developed with the raytracing software LightTools (Synopsis©). In the simulation model both the geometrical components as well as the critical interfaces are examined considering light coupling at boundary surfaces and light transfer within the illumination optics. Moreover, the optimization takes into account spectral power distribution (SPD) and angular light distribution (ALD) of the light provided from the fiberoptic cable connected to an external light source as well as additional interfering factors like gluing, dispersive absorption and total reflection at critical angles. 
Keywords

Photometric and Colorimetric Analysis
We examined three different external light sources and three medical endoscopes as well as a fiberbundle sample in the photometric and colorimetric analysis. The obtained SPD and ALD are then implemented in the simulation model to identify the losses within the illumination optics. The goals of this analysis are the following:
1.) Identify losses bending the fiberbundle model 2.) Identify losses inside the endoscope's illumination optics
The analysis is carried out with an integrating sphere (D=25 cm) and a spectrometer from GL Optic (GL Spectis 1.0). An additional mechanical adapter is developed for each component to allow measurements in the integrating sphere: fiberoptic cable (from the external light source), endoscope and fiberbundle sample. The adapters are turning parts made of aluminium that couple the light into the integrating sphere. Table 1 shows the three different parameters we investigated in the photometric and colorimetric analysis: Of course, we also measured parameters like SPD and color rendering index, however to evaluate the results, we only examined these three parameters more closely. The fiberbundle sample is measured 10 times in two configurations: Straight and bent into a radius of 3 cm. The brightness of the light source used in this experiment is adjustable in 10 level-steps. The measurements are performed at three brightness levels: 1, 5 and 10. The external light source and every endoscope is measured 3 times over a period of 1 hour taking measurements in intervals of 5 minutes. Consequentially, we received 13 measurements per series and 39 measurements for every light source and endoscope. Finally, the ALD of the light provided by the fiberoptic cable connected to the external light source is measured with a goniophotometer. All measurements are performed according to standards provided by DIN EN 13032-4 [3] . The information on the ALD is necessary to optimize the illumination optics in our 3D-optomechnical simulation model.
Simulation Model
The illumination optics of a laparoscope with 5 mm diameter and 0° direction of view is the basis of our 3D-optomechanical simulation model. The illumination optics of a rigid endoscope typically consists of a fiberbundle and a cone-shaped optics coupling the light into the fiberbundle. Figure 2 demonstrates simulation model built in LightTools.
Light is coupled under ALD (α) from an external light source into the coupling cone. The light is guided from this coneshaped optics to the fiberbundle that transfers the light to the distal end of the endoscope. Light is here coupled out under ALD (β) dependent on ALD (α), the numerical aperture and the geometry of optical components (see Figure 1 ).
An additional issue is that fiberbundles established in rigid endoscopes are typically glued. Adhesive fills intermediate gaps between single fibers and is assumed to fully absorb incident rays. In our simulation model the fiberbundle is embedded into the adhesive, which is implemented as an absorbing layer (see red layer in Figure 2 ). Thus, we ensure that only rays guided by the fibers are transferred to the distal end of the illumination optics of the endoscope.
Results
On this result section we focused on the illuminance values we measured during our photometric and colorimetric analysis. First, we measured illuminance of the fiberbundle sample and compared the differences between straight and bent configuration at three brightness levels (see Figure 3) . The results show only minor losses of approximately 1 % bending the fiberbundle sample in a radius of 3 cm. This value lies within the threshold of measurement inaccuracies of our spectrometer. Therefore, we assume that no losses occur bending the fiberbundle sample.
Second, we carried out an analysis identifying losses and changes within the illumination optics of three endoscopes. Figure 4 presents illuminance of the light before coupling it into the endoscopes' illumination optics compared to the light coupled out of the endoscopes' illumination optics. The green bars illustrate illuminance of the light source (light emitted from the fiberoptic cable of the external light source before coupling it into the endoscope), whereas blue bars show the illuminance values after coupling light out of the illumination optics of the three endoscopes under investigation. Figure 4 emphasises that the degree of efficiency of every endoscope's illumination optics we measured is below 20 %. Clearly, the high losses mean that light is not transferred to the distal end of the endoscopes. Therefore, we investigated the light losses within the endoscopes' illumination optics by means of our 3D-optomechanical simulation model to find the reasons for these losses and improve the degree of efficiency using our simulation model.
First, an analysis of dispersive losses within the optical glasses is conducted considering SPD of the light source as well as wavelength-dependent absorption inside the material. The simulation results exhibit neglectable losses inside the material for both coupling cone and fiberbundle. Thus, we secondly focused on the interfaces between fiberoptic cable and coupling cone as well as between coupling cone and fiberbundle (see Figure 2) .
The ALD of the fiberoptic cable is measured with a goniophotometer. A specific adapter is developed mounting the fiberoptic cable to the goniometer unit. A half cone angle of 36° is measured for three fiberoptic cables (see Figure 5) .
No losses occur on the interface between the fiberoptic cable and the coupling cone because of the numerical aperture (angle of acceptance) of the light guiding core material. Of course, Fresnel reflections take place, however these losses of approximately 4 % are not essentially accountable for the low degree of efficiency [4] .
The next interface we investigate is that between coupling cone and the fiberbundle. Our simulation model shows that most of the light is lost at this interface. We increase the radius of the absorbing layer to trace not only rays incident on the adhesive but also rays incident on peripheral areas around the fiberbundle. Figure 6 shows the results of a raytracing simulation in which we trace all rays not incident on the fibers. We can clearly identify a dominant maximum that represents huge losses in peripheral areas around the fiberbundle.
Discussion
In this work we focus on the analysis of illuminance values of rigid endoscopes to discuss the low degree of efficiency and do not consider colorimetry, i.e. color temperature and CIE XY color coordinates.
Using raytracing simulation, we found a critical interface between coupling cone and fiberbundle and identified two factors responsible for these high losses:
1.) The radius of the coupling cone's surface and the fiberbundle's surface do not match. 2.) Only core material of the fiberbundle is light guiding while cladding and adhesive are absorbing.
In fact, the radius of the coupling cone's surface is larger than the radius of the fiberbundle's surface. This results in light losses especially in peripheral areas around the fiberbundle. Additionally, not the entire surface of the fiberbundle is light guiding, because incident light on the cladding or adhesive in the intermediate spaces is absorbed. The core material guides the light to the distal end of the endoscope but the core material surface covers only 65 % of the fiberbundle's surface. Furthermore, absorbed light leads not only to decreased output in the FOV but also to undesired conversion of luminous to thermal energy. We are faced with the production technology constraint that the arrangement of single fibers of the fiberbundle in an endoscope cannot be controlled yet. The insertion of fiberbundles is not an automated process and therefore every endoscope has a different alignment of single fibers. In LightTools we can only simulate certain alignment patterns (e.g. rectangular or hexagonal) that do not accurately correspond to the real alignment in a rigid endoscope.
Conclusion
We performed a photometric and colorimetric analysis of a rigid endoscope and implemented the results in a 3D-optomechanical simulation model. Measurements of three commercially available rigid endoscopes showed a surprisingly low degree of efficiency below 20 %. Furthermore, we investigated all materials and interfaces of a rigid endoscope's illumination optics and clearly identified a very critical interface responsible for the losses between coupling cone and fiberbundle.
In the future work we will focus on improving the degree of efficiency to optimize the geometrical components of the illumination optics by means of optomechanical simulation.
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